A novel, direct technique has been developed to measure the interactions of bovine serum albumin (BSA) on surfaces by using atomic force microscopy (AFM) in a liquid environment. We have been able to measure adhesion forces between proteins and substrate surfaces in phosphatebuffered saline (PBS) solution directly, without any modification to the substrate and the AFM tip. Two different surfaces have been used in the measurements: mica (hydrophilic surface) and polystyrene (hydrophobic surface). The results show that a polystyrene surface has larger adhesion forces to BSA than a mica surface. This is consistent with previous research, which demonstrated that hydrophobic surfaces enhance protein adhesion but hydrophilic surfaces do not.
Introduction
Many fundamental studies in the last few years have dealt with the adsorption behavior of proteins on different surfaces. 1,2 Protein adsorption plays a vital role in determining the nature of the tissue-implant interface, since the adsorbed proteins can significantly affect biomaterial surface properties such as blood coagulation and cell adhesion. 3 Adhesion forces between proteins and surfaces in solutions have been a significant area of research in biology and biotechnology, providing researchers with the key information for attaching cells and living tissues to the surface. This is of critical importance in medical applications like bone implants, prostheses, dentures, and the like.
Bovine serum albumin (BSA) is a globular protein and the most abundant protein in cow plasma. Although the structure and the adsorption of BSA have been investigated with various instruments, such as X-ray photoelectron spectroscopy (XPS) and surface forces apparatus, 4 the adhesion interactions between BSA and different surfaces (hydrophilic and hydrophobic) measured in phosphate-buffered solution are still not well understood.
Developed in 1986, atomic force microscopy (AFM) 5 has quickly become a unique and versatile technique for probing interactions between proteins and surfaces in a real physiological environment. 6 The forces involved in the adhesion between the protein and the surface are of the order of 10 −9 N (or 1 nN) and AFM probes are perfectly suited for measuring forces in this range and in real time.
In this work, a direct method of identifying the adhesion forces between proteins and surfaces by AFM has been established. We used AFM to measure the adhesion forces between BSA and two different surfaces (mica and polystyrene) without any modification of the AFM tip or the substrate surface; this means that protein molecules can keep the natural elastic property during the force measurements. The force-distance curves allow us to quantify and compare adhesion forces between BSA and different surfaces. The method proposed here has the advantage of being simpler to set up with respect to other current methods like tip-surface functionalization. Tip-surface functionalization can also cause perturbation to the measurement. Moreover, as we will demonstrate, the interpretation of the data is simplified by the fact that the tip-molecule adhesion is much larger than the molecule-substrate adhesion. In this way the detachment occurs always between the molecule and the substrate, giving direct information on the molecule-substrate adhesion force.
Experimental Methods

BSA adsorption on the surfaces
Adsorption on mica
A cleaved mica (muscovite) surface was dipped into the solution of 10 gL −1 BSA (A2153-10G, Sigma-Aldrich, Australia) with 10 ml 1 M phosphatebuffered saline (PBS) buffer solution (pH 7.4) for 3 h.
Adsorption on polystyrene
The solution of 10 gL −1 BSA with 10 ml, 1 M PBS buffer solution (pH 7.4) was poured in a polystyrene 55 mm Petri dish (S5514UV10, Techno-Plas Pty. Ltd., Australia) for 3 h and covered the whole area of the polystyrene dish bottom. The mica surface and the polystyrene surface were rinsed with an appropriate amount of deionized water to clear loosely bound BSA before the AFM experiment. We used the same source of BSA for our experiments in this work.
Atomic force microscopy
Our AFM (NT-MDT Solver P47, Moscow, Russia) was equipped with a CSG-11 350 µm Si cantilever. All AFM force measurements were conducted in PBS buffer solution at 22 • C using the AFM SMENA liquid head.
All accessories were cleaned by rinsing in ethanol and deionized water before using the liquid head. After the force measurement the AFM tip may have been contaminated. Therefore, in order to prevent the situation above and obtain accurate force measurements, a CSG-11 AFM cantilever (cantilever A) was chosen for the experiment on mica, while a different CSG-11 cantilever (cantilever B) was chosen to carry out the force measurements on polystyrene. The spring constants of two AFM cantilevers were calibrated individually by using the method of Sader et al. 7 The spring constant of cantilever A is 0.026 N/m, and the spring constant of cantilever B is 0.025 N/m. The sample was fixed to a magnetic sample holder by adhesive tape, and the ensemble was carefully placed into a glass dish with sufficient amount of PBS buffer solution to completely cover the sample surface. All experiments were carried out in our Analytical Electron Microscopy Facility (AEMF) at a constant temperature of 22 • C.
Experimental Results
Bare mica surface in PBS
The results of the force-distance measurements are obtained by applying Hooke's law (F = − k c × d, where k c is the spring constant of the AFM cantilever and d is the deflection of the AFM cantilever during the force measurement). These have been displayed as force versus displacement curves. The x axis (displacement) represents the tip displacement with respect to the substrate surface, and the y axis represents the force values measured when the tip was approaching or retracting from the substrate surface. The red (hollow triangle) curve describes the force during the approach and the blue (solid dot) curve represents the force during the retraction from the substrate surface. As in this work we are interested in the protein adhesions to surfaces, we focus on the results on the pull-off force curve of each force measurement.
All AFM force curves on the bare mica surface in PBS solution appear very similar, like the one reported in Fig. 1 . This figure contains one of the many force curves (more than 100) we have acquired on the bare mica surface in PBS solution. Upon approach, no force is detected until a short-range repulsive force is observed starting at about 10 nm; upon retraction no hysteresis is observed and the retracting force curve is perfectly superposed on the approaching force curve. No attractive interactions were observed. 
BSA adsorbed on the mica surface in PBS
A total of 120 force-displacement curves were measured at four different places on the same mica surface in PBS. Because of the small fraction of the surface covered, only nine adhesion force measurements between the BSA molecules and the mica surface were obtained. One of those nine adhesion force curves is shown in Fig. 2 as an example. The approach curve (red) shows that when the AFM tip approaches the surface a repulsive force appears at a distance of 20-30 nm. This repulsive force slowly increases as the tip approaches the surface, in contrast to the curve in Fig. 1 , where the repulsive force increases rapidly and only from an approach distance of about 15 nm. This suggests that the AFM tip hits an elastic layer of BSA molecules before touching the mica surface. 8 The retraction curve shows an adhesion of about 0.03 nN, followed by several jumps of about 0.01 nN each. We have observed that when the AFM tip starts retracting from the mica surface, the repulsive force decreases dramatically. Then, a short-range attractive force is generated by the BSA molecules attached to the tip and this causes jumps of about 0.01 nN, possibly corresponding to the unfolding of the proteins. 9 Due to the elastic properties of the BSA molecules, we think that the AFM tip stretches one or more BSA molecules, and they detach one at a time until the tip or the BSA detaches completely. At this point the tip returns to its original position entirely. The average adhesion force value of the interactions between the BSA molecules and the mica surface measured by our experiment is 0.036 nN, and the standard deviation is 0.007 nN.
Bare polystyrene in PBS
The force curves (Fig. 3) show the interactions between the AFM tip and the bare polystyrene surface in PBS solution. In the approach part (red), a short-range repulsive force was detected at a distance of ∼ 7 nm, and the repulsive force began to decrease as soon as the AFM tip was retracting from the polystyrene surface. No hysteresis was detected, and the two force curves are perfectly superposed.
BSA adsorbed on the polystyrene surface in PBS
A total of 100 force measurements were acquired at four different places on the same polystyrene surface in PBS. Only 13 adhesion events were observed, again due to the coverage of BSA on the surface. Figure 4 is an example of the force curves between the BSA molecules and the polystyrene surface.
Once the AFM tip is close to the surface, at about 10 nm a repulsive force appears and increases more smoothly than the approach curve in Fig. 3 , which suggests that the AFM tip is touching the BSA molecules. 8 During tip retraction the repulsive force is similar to what appears in the case of the bare polystyrene surface. Conversely, a major attractive force is observed which shows "jumps" throughout the attractive part of the force curve. We believe that the AFM tip unfolds the full BSA molecules until the BSA molecules detach completely from the polystyrene surface. The mean adhesion force value of the interactions between the BSA molecules and the polystyrene surface is 0.066 nN, and the standard deviation is 0.011 nN.
Discussion
The statistical analysis of the nine adhesion events detected on mica and the 13 events detected on polystyrene shows clearly that the mean adhesion force between BSA and mica (0.036 ± 0.007 nN) is about 50% of the mean adhesion force between BSA and polystyrene (0.066±0.011 nN). The average difference between the two surfaces is about 0.03 nN (or 80% of the BSA-mica force). Because during the force measurements we used the same source of AFM cantilevers and BSA, we believe that the net difference is due only to the different interactions of the protein with the two surfaces, and not to the interactions between the AFM tip and BSA. Furthermore, hydrophobic interaction is a strong attractive force between nonpolar species interacting in an aqueous solution. 10, 11 In the literature this interaction has been indicated as the main driving force responsible for the protein molecule adsorption on the surface, as well as for the stabilization of a compact protein structure due to the decrease of free energy. 12 Ying et al. 13 modified silicon surfaces to make them hydrophilic and hydrophobic surfaces. They found that the concentration of adsorbed BSA on the hydrophobic surface was twice the concentration of adsorbed BSA on the hydrophilic surface. In other words, the adhesion force between the BSA molecules and the hydrophobic surface must be larger than the adhesion force between the BSA molecules and the hydrophilic surface. Other authors have recently studied the adhesion of molecules to surfaces with direct AFM techniques. Chen et al. 14 used BSA-functionalized AFM tips to measure the adhesion forces with the -NH 2 SAM surface (a hydrophilic surface) and the -CH 3 SAM surface (a hydrophobic surface). Sagvolden et al. 15 developed a method capable of measuring the adhesion forces of proteins to solid surfaces by attaching proteins to glass microspheres. Both results show larger adhesion forces between BSA and hydrophobic surfaces, in agreement with our conclusions. However, the technique developed by Sagvolden et al. 15 still has disadvantages, as glass microspheres can have strong interactions with the surface, affecting protein adhesion measurements. Our technique is more similar to the one developed by Chen et al. 14 As a plus, our method is also able to locate in a direct way the attachment site of the protein on the surface.
The values of adhesion forces can only identify the protein affinity to the surface; they cannot characterize the measured adhesion interactions. In fact, these could be either simple protein-surface interactions or combinations of the protein-surface interactions with the unfolding of protein molecules. Thus, in order to clarify the adhesion interactions in the force curves we have calculated the adhesion work from each detected adhesion force curve by numerical integration.
The overall work required to pull BSA molecules off the surface has been integrated from each force curve by using a simple numerical integration routine based on Simpson's algorithm. From our data, the negative force is integrated between the first zero and the end of the displacement range (usually from 5 to 80 nm). The average value resulting from this procedure for W mica is 0.35 ± 0.12 aJ, but we have found two values (0.48 aJ and 0.60 aJ) that are more than one sigma larger than the mean value. We suggest that these variations could be due to the energy needed to unfold the BSA chain. This effect has also been recorded in the measurements on polystyrene. W polystyrene is 1.65 ± 0.97 aJ, while in two cases (4.06 aJ and 2.67 aJ) the values are more than one sigma larger than the mean value. Further investigations are underway to obtain more detailed data to be fitted by using the wormlike chain model. 1, 2 Our AFM technique provides a way to compare the protein adhesions with two different surfaces in a simple and direct way. The results have also demonstrated that by using our AFM technique we are able to investigate protein adhesion force measurements without damaging the natural elastic property of the molecules. The procedure can be made more efficient by increasing the concentration of proteins on the substrate to obtain a better statistical sample with less effort.
Conclusion
In this work we have studied the adhesion forces of BSA molecules adsorbed on mica (hydrophilic) and polystyrene (hydrophobic) substrates. The results show that BSA molecules are inclined to adsorb on the polystyrene surface more than on the mica surface, in agreement with the observation 11 that hydrophobic surfaces promote protein adhesion more than hydrophilic surfaces. We have demonstrated that our AFM technique allows us to measure and compare directly the adhesion between proteins and different surfaces without any modification to the substrate or to the AFM tip. In future, this AFM technique can be exploited in the study of protein adhesion to new synthetic biomaterials, enabling a nanotechnology approach to tissue engineering research.
